Subcarrier mapping (SCM) is considered to be crucial for capacity-maximization in an orthogonal frequency division multiplexing (OFDM) relaying network. Although SCM in an OFDM system has been investigated extensively, nevertheless, the outage probability and outage capacity analysis of the system is not yet available in the literature. This paper presents the outage analysis of a dual-hop OFDM relay system with ordered subcarrier paring schemes, i.e., worst-to-best (WTB) SCM and best-to-best (BTB) SCM. Accurate close-form expressions are derived for end-to-end outage while considering a dual-hop fixed gain amplify-and-forward (AF) relaying system with Rayleigh fading channel model. The first and second moments of end-to-end signal-to-noise ratio (SNR) and capacity are derived for WTB SCM and BTB SCM schemes while approximating the probability distribution function (PDF) of total capacity of each subcarrier pair by Gaussian distribution. The outage performances of these schemes are compared with balanced links, i.e., when the SNR is same for both hops, as well as unbalanced links, i.e., when the SNR of the second hop is one half of the SNR of the first hop. The numerical results validate the analysis in Rayleigh fading channel. Cite this article as: Shah et al.: Outage analysis of a dual-hop OFDM amplify-and-forward relay system with subcarrier mapping in Rayleigh fading.
Introduction
Orthogonal frequency division multiplexing (OFDM) is the key element of long-term evolution (LTE) while a multi-hop network increases the coverage area of transmission and provides significant performance improvement as a result of cooperative diversity. An OFDM relaying network is, therefore, supported in LTEadvance and is expected to be enhanced in 5G of wireless communications [1] [2] [3] . In a relaying system, the source node transmits data to one or more intermediate nodes.
These intermediate nodes or relays retransmit the signal that is received from a source to a destination after some reprocessing. Various types of relays are known in the literature wherein the amplify-and-forward (AF) and decode-and-forward (DF) are most common among the researchers [4] . In an AF relaying system, the relay node amplifies the received signal before forwarding it to the destination node. In a DF relaying system, the received *Correspondence: rzalsh@gmail.com 1 Department Telecommunications, AIT, Pathumthani, Thailand Full list of author information is available at the end of the article signal is decoded at the relay and regenerated before forwarding to the destination node. The performance analysis of these relays is presented in [5] . An AF relay is less complex as compared to a DF relay as it does not require decoding or demodulation of transmitted symbols. In this paper, we focus on the analysis of a two-hop AF relaying system.
Subcarrier mapping (SCM), which is considered to be a capacity-maximization scheme for a dual-hop OFDM relay system, is studied extensively in the literature [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Two types of ordered SCM schemes, i.e., worst-to-best (WTB) and best-to-best (BTB) are commonly considered. For the purpose of pairing the subcarriers of a sourceto-relay link or hop-1 to the subcarriers of a relay-todestination link or hop-2, the subcarriers of each hop are ordered in ascending/descending order of magnitudes of their channel frequency response (CFR). In WTB SCM, the received signal on a subcarrier of hop-1 with a worst CFR, i.e., the subcarrier with lowest magnitude of CFR is forwarded on the best subcarrier, i.e., the subcarrier with greatest magnitude of CFR, of hop-2. The second worst subcarrier of hop-1 is mapped to the second best http://jwcn.eurasipjournals.com/content/2014/1/209 subcarrier of hop-2 and so on. In BTB SCM, the received signal on subcarrier of hop-1 with best CFR is forwarded on the best subcarrier of hop-2. The second best subcarrier of hop-1 is mapped to the second best subcarrier of hop-2 and so on. In particular, the mapping of subcarriers for an OFDM AF relay system is initially introduced in [6] . In [7] , numerical analysis for SCM with reduced signaling overhead, by using the subsets of subcarriers, is presented. In [8] , close-form expressions for end-to-end signal-tonoise ratio (SNR) and capacity are derived for a downlink dual-hop orthogonal frequency division multiple access (OFDMA) AF relay system by considering Rayleigh fading on hop 2. In [9] , close-form capacity analysis is presented by considering Rayleigh fading on both hops. In [10] , analysis of a dual-hop OFDM relay system is presented for AF as well as DF relay. In [11] , ergodic capacity comparison is presented for different mapping schemes and relaying protocols. In [12] , SCM is studied for the bit-error rate (BER) minimization. In [13] , different SCM schemes are compared and close-form expressions are derived for BER and capacity in Rayleigh fading. An interesting recent work on SCM-based opportunistic relaying, presented in [14, 15] , is worth mentioning. Specifically, [14] presents an optimized solution to minimize the sum power subject to sum rate constraint for the dual-hop OFDM system. In [15] , capacity maximization subject to total power constraint is investigated. It is shown that a proposed scheme achieves maximum capacity for various positions of relay in a dual-hop system. Although [14, 15] share valuable recent contributions, yet these consider a DF relaying system while this paper focuses on AF relaying. In [16] , BER and capacity analysis of an OFDM fixed gain AF relay system with SCM is presented for Nakagami-m fading.
In the literature above, it has been shown that for the dual-hop OFDM relay system, system-capacity can be maximized with a BTB SCM scheme. The BER and ergodic capacity analysis are available for Rayleigh as well as Nakagami-m channel models; however, none of these present performance analysis based on the outage probability and outage capacity of the system.
The outage probability and outage capacity analysis for a single-carrier system provide the basis for analysis of a multicarrier system. The outage analysis for single-carrier and OFDM systems has been studied in the literature. In particular, [17] presents the outage behavior of fundamental relaying protocols, i.e., AF and DF relaying for high SNR. In [18] , close-form expressions are derived for the AF as well as DF relaying system for all SNR regimes. In [19] , cooperative communication protocol is proposed for multiuser OFDM network while considering relay-assignment based on outage probability analysis for uplink transmission. In [20] , outage probability bounds are derived for a multicarrier cooperative AF relaying system. In [21] , asymptotic approximation for the upper bound of outage probability for an OFDM system in Rayleigh fading is presented. In [22] , the outage probability and outage capacity analysis for a dual-hop OFDM DF relay system is presented while approximating the probability distribution function (PDF) of total capacity by Gaussian distribution for a single-user scenario. In [23] , outage probability analysis for an OFDM half-duplex relaying system is presented. In [24] , outage probability analysis presented by [22] is extended for a multiuser OFDMA DF relaying system. Although the above literature provides analysis of outage probability and outage capacity for an OFDM system, yet these do not consider ordered SCM schemes in a dual-hop OFDM relaying system which is challenging due to its inherited complexity. In [25] , the outage probability and outage capacity analysis is presented while considering ordered SCM; nevertheless, it is limited to the BTB SCM scheme only.
The specific contribution of this paper is the derivations of analytical expressions for WTB SCM schemes such as
• derivation of higher moments of end-to-end SNR for a dual-hop OFDM AF relay system with ordered SCM, • close-form expression for outage probability, • close-form approximation for higher moments of channel capacity for a dual-hop OFDM relay system and • close-form approximation for outage capacity.
Besides the above contribution, a thorough comparison on the basis of outage probability and outage capacity for the dual-hop OFDM relay system with BTB SCM and WTB SCM is presented which is not available in the previous literature. Although the expression for PDF of endto-end SNR for dual-hop OFDM relay system with SCM was derived earlier, yet its cumulative distribution function (CDF) was not known which limited the researchers to analyze the dual-hop system with SCM on the basis of BER and ergodic capacity only. We provide an alternate solution to derive close-form expressions for outage to completely analyze the system performance with ordered SCM schemes. As the outage probability and outage capacity are important performance measuring parameters of a wired/wireless communication system; therefore, in this paper we focus on the performance comparison of the dual-hop OFDM AF relay system with WTB SCM and BTB SCM schemes on the basis of outage probability and outage capacity.
Remark 1: The CFR of each subcarrier of hop-1 and hop-2 are considered as i.i.d random variables for derivation of close-form expressions. However, for a practical OFDM relay system, adjacent subcarriers possess certain degree of correlation. Therefore, the uncorrelated groups of subcarriers should be determined based on coherence http://jwcn.eurasipjournals.com/content/2014/1/209 bandwidth of channel to carry out block/chunk-based SCM as suggested in [7, 9] .
The remaining paper is organized as follows. Section 2 introduces the system model. Close-form expressions for outage probability with WTB SCM and BTB SCM are derived in Section 3. Accurate close-form approximation for outage capacity with ordered SCM schemes is presented in Section 4. Section 5 presents the numerical results and discussion. Finally, the paper is concluded in Section 6.
System model
The system model for the dual-hop OFDM AF relay system is shown in Figure 1 with a source node S, relay node R, and a destination node D. It is assumed that each node is equipped with a single antenna and there is no direct communication between S and D. Consider L taps channel impulse response (CIR) for hop-j, where h j (n), with n = 0, 1, . . . , L − 1, denotes the nth channel tap coefficient and j ∈ {1, 2}. The CFRs for N OFDM subcarriers of hop-j can be expressed as
where H k j denotes the CFR for kth OFDM subcarrier of hop-j and k ∈ {1, 2, . . . , N}. H k j is assumed to be known at relay. A fixed gain relay R receives the signal that is transmitted from source S in the first time slot and retransmits an amplified signal to destination D in the second time slot after performing SCM.
Subcarrier mapping: The OFDM relay performs FFT/IFFT operations for mapping the subcarriers to achieve WTB SCM or BTB SCM configuration. For hop-1, consider an ordered set {S k : k ∈ {1, . . . , N}} of indexes such that CFR of subcarrier with index S k+1 is better than CFR of subcarrier with index S k . Similarly, for hop-2, consider an ordered set {D k : k ∈ {1, . . . , N}} of indexes such that CFR of subcarrier with index D k is better than CFR of subcarrier with index D k+1 . A oneto-one mapping of S k and D k , i.e., S k → D k results in a WTB SCM scheme, while the mapping S N−k+1 → D k results in a BTB SCM scheme. For notation simplicity, we drop S and D and use the subscript k only when referring to the kth subcarrier pair in the context of WTB or BTB mapping. As it is not possible to carry out the analysis for the dual-hop OFDM relay system without imposing certain assumptions on source-to-relay (S-R) and relay-todestination (R-D) links, we, therefore, consider same assumptions as in [8, 9, 13] . The CFRs of subcarriers for both hops are assumed to be independent and identically distributed random variables. This assumption gives exact results for a full-diversity OFDM system, i.e, when L = N and provides approximate analysis for large L, i.e., when L ≥ 6 for the dual-hop OFDM relay system with SCM [16] . The CDF and PDF of SNR for kth subcarrier of hop-j can be expressed as
defines the average SNR of hop-j where E j and |H k j | define average symbol power and CFR for kth subcarrier of hop-j. E( * ) denotes the expectation operation. Symbol σ 2 n j represents noise variance of additive white Gaussian noise for kth subcarrier of hop-j. For kth subcarrier pair, the end-to-end SNR for the dual-hop OFDM AF fixed gain relay system with SCM, denoted by γ k end , can be expressed as [13] 
where γ k j represents the SNR of hop-j for kth subcarrier and constant = E 1 G 2 σ 2 n j depends on relay gain G [5, 13] .
Using the knowledge of order statistics, the PDF γ k 1 for kth weakest subcarrier can be expressed as [13] 
where
. Similarly, the PDF of γ k 2 for kth strongest subcarrier can be expressed as
for kth strongest subcarrier of hop-1 can be obtained as (4) . Equations (3) and (4) can be used to derive the close-form expressions for outage probability and outage capacity analysis.
Outage probability
Outage probability is defined as the probability that instantaneous end-to-end SNR falls below certain predetermined threshold value, i.e., γ th . Therefore, the outage http://jwcn.eurasipjournals.com/content/2014/1/209 probability for kth subcarrier pair can be expressed as
Equation (5) can be simplified to get a close-form expression for outage probability in terms of CDF of γ k 1 and PDF of γ k 2 which upon further simplification results in the following propositions. Proposition 1. The close-form expression for end-toend outage probability with WTB SCM, i.e., P k out WTB can be expressed as
Proposition 2. The close-form expression for end-toend outage probability with BTB SCM, i.e., P k out BTB can be derived as
Proof. See Appendix A.
Outage capacity analysis
The q% outage capacity (C q ) is defined as the transmission rate that is guaranteed for 1-q/100 of channel realizations [26, 27] . Considering Gaussian distribution for the channel capacity C k , the close-form expression for outage capacity, i.e., C k q can be derived. For the kth subcarrier pair, close-form expression for outage capacity can be expressed as
where erfc −1 denotes the inverse of complementary error function. E C k and E C k 2 denote the first and second moments of channel capacity for kth subcarrier pair respectively and C k = 1 2 log 2 1 + γ k end . The exact solution of E C k and E C k 2 , hence, (8) is not known in the literature; nevertheless, the second-order approximation of ergodic capacity can be expressed in the form of first and second moments of γ k end as [26, 28] ,
and
respectively, where e is the Neper's number. Equations (9) and (10) can be used to solve (8) . It remains to find E γ k end and E γ k end 2 for WTB SCM and BTB SCM schemes.
Proposition 3. The close-form expression for q% outage capacity with WTB SCM scheme can be expressed in compact form as
where E WTB C k and E WTB C k 2 represent the first and second moments of ergodic capacity for WTB SCM, respectively.
Proof. See Appendix B.
Proposition 4. The close-form expression for q% outage capacity with BTB SCM scheme can be expressed in compact form as where E BTB C k and E BTB C k 2 represent the first and second moments of ergodic capacity for BTB SCM, respectively.
Proof. See Appendix C.
Numerical results and discussion
This section presents numerical results of outage probability and outage capacity for the dual-hop OFDM AF relay system with ordered SCM schemes in Rayleigh fading. Although the derived expressions compute the outage for any values of γ 1 and γ 2 , we limit the discussion to two special cases, i.e., the balanced links case (γ 1 = γ 2 , i.e., λ 1 = λ 2 ) and the unbalanced links case (γ 1 = 2γ 2 , i.e., 2λ 1 = λ 2 ). Numerical results for each figure are obtained by considering 10 6 channel realizations. The threshold, i.e., γ th is set to 0 dB while N = 16.
Outage probability
To describe the outage probability, three subsets, i.e.,
, ∀k}, and P = {k : k ∈ {1, . . . , N} ∧ P k out ≥ 0.9, ∀k} of indexes are defined as best, moderate, and poor subsets of subcarrier pairs, respectively. Similarly, low, medium, and high SNR regimes are defined as SNR ≤ 6 dB, 6dB < SNR < 12dB and SNR ≥ 12 dB, respectively. The performance of system with BTB SCM and WTB SCM is compared for two special cases, i.e., γ 1 = γ 2 and γ 1 = 2γ 2 . Figure 2 presents numerical results for outage probability with a BTB SCM scheme and γ 1 = γ 2 . The analytical results are computed using (7) . The subcarrier pair with index k = 1 refers to the best subcarrier pair which maps the best subcarrier of hop-1 to the best subcarrier of hop-2. Similarly k = 2 refers to the second best pair and so on. For γ 1 = γ 2 = 4 dB, the subsets B = {1, . . . , 5}, M = {6, . . . , 9} and P = {10, . . . , 16} can be updated from Figure 2 . These share 31%, 25%, and 44% of total subcarrier pairs, respectively. High outage can be observed in a low SNR regime as the subset P outnumber B and M. It is worth mentioning that BTB SCM makes it possible to identify subcarrier pairs with lower outage probability or high reliability even at low SNR. Although the subcarriers of each hop experience different channel fading, yet sorting on the basis of fading then mapping in such a way that lower faded subcarrier of hop-1 mapped to lower faded subcarrier of hop-2 yields a large number of reliable end-to-end subcarrier pairs. Figure 3 depicts numerical results for outage probability with the WTB SCM scheme and γ 1 = γ 2 . The analytical results are computed using (6) . The subcarrier pair with index k = 1 refers to the pair with worst subcarrier of hop-1 and best subcarrier of hop-2. Similarly, k = 2 refers to a subcarrier pair with the second worst subcarrier of hop-1 mapped to the second best subcarrier of hop-2 and so on. For γ 1 = γ 2 = 4 dB, the subsets B = {}, M = {1, . . . , 10} and P = {11, . . . , 16} share 0%, 62%, and 38% of total subcarrier pairs. The system experiences high outage in the low SNR regime as it is mostly dominated by moderate and poor subsets of subcarrier pairs. For γ 1 = γ 2 = 8 dB, the subsets B = {3, . . . , 10}, M = {1, 2, 11, 12, . . . , 15}, and P = {16} share 50%, 44%, and 6% of total subcarrier pairs, respectively. The outage performance is dominated by best and moderate subsets in this regime. For γ 1 = γ 2 = 12 dB, the subsets B = {1, . . . , 13}, M = {14, 15, 16}, and P = {} share 81%, 19%, and 0% of total subcarrier pairs, respectively. Interestingly, there is no poor pair for the WTB SCM scheme in the high SNR regime. For any k, the variation of outage probability with γ 1 is worth noting, e.g., for k = 1 the outage probability is 0.87, 0.41, 0.13, and 0.04 at γ 1 = γ 2 = 4, 8, 12, 16 dB, respectively.
Special case 1: balanced links γ
It should be noted that, for WTB SCM, the pairs with lower outage probability or high reliability can only be identified in the medium and high SNR regimes. At low SNR, e.g., γ 1 = γ 2 = 4 dB, highly reliable links can not be identified. The reason is mapping of hop-1's subcarrier with the lowest channel fading to the subcarrier of hop-2 that experience the highest channel fading and so on. It reduces the number of end-to-end reliable subcarrier pairs in low SNR regime.
Special Case 2: Unbalanced links
(γ 1 = 2γ 2 ; 2λ 1 = λ 2 ) Figure 4 presents numerical results for outage probability with BTB SCM and γ 1 = 2γ 2 , i.e., 2λ 1 = λ 2 . It should be noted that theoretical results for any values of γ 1 and/or γ 2 can be computed using (6) and/or (7) . Higher outage can be observed for γ 1 = 2γ 2 by comparing Figure 2 and Figure 4 , e.g., for k = 5 the outage probability is 0.03 in Figure 2 which increases to 0.38 in Figure 4 . The reason for this increase is γ 2 which equals one half of γ 1 in . . , 16} share 50%, 25%, and 25% of total subcarrier pairs, respectively. Significant reduction in the outage can be observed in this regime as compared to medium SNR. Figure 5 depicts numerical results for outage probability with WTB SCM and γ 1 = 2γ 2 . Higher outage can be observed for any k in case of γ 1 = 2γ 2 as compared to γ 1 = γ 2 scenario due to lower γ 2 . For γ 1 = 2γ 2 = 4 dB, the two subsets B and M are empty. Highest outage can be observed in this SNR regime as all the subcarrier pairs belong to P. For γ 1 = 2γ 2 = 8 dB, the subsets M = {1, . . . 11} and P = {12, . . . , 16} share 69% and 31% of total subcarrier pairs, respectively. The outage is dominated by moderate subcarrier pairs in this regime. For γ 1 = 2γ 2 = 12 dB, the subsets B = {4, . . . , 8}, M = {1, . . . , 3, 9, . . . 14}, and P = {15, 16} share 31%, 56%, and 13% of total subcarrier pairs, respectively, i.e., outage in this regime is dominated by the moderate subcarrier pairs.
Variation of outage probability with SNR
This subsection describes special case 2 further for a wide range of SNR. The variation of outage probability with the BTB SCM scheme is depicted for γ 1 = 2γ 2 ∈ {0, 2, . . . , 20} dB in Figure 6 . Two subcarrier pairs are selected from the best, moderate, and poor subsets for performance comparison. From B, the pairs k = 2, 4 are selected which experience lower channel fading as compared to other subcarrier pairs. These pairs have low outage probability even in the low SNR regime. Their outage probability approaches 10 −2 for γ 1 = 4.2 dB and γ 1 = 6.6 dB, respectively. The pairs k = 7, 9 are selected from M. These achieve outage probability of 10 −2 at γ 1 = 9.5 dB and γ 1 = 12 dB, respectively. The subcarrier pairs k = 12, 13 are selected from P. These show high outage probability at low and medium SNR. Their outage probability approaches 10 −2 at γ 1 = 16.8 dB and γ 1 = 19.5 dB, respectively.
Variation of outage probability with the WTB SCM scheme is depicted for γ 1 = 2γ 2 ∈ {0, 2, . . . , 20} dB in Figure 7 . The subcarrier pairs k = 7, 5 are selected from B. These pairs achieve 10 −2 outage probability at γ 1 = 10.8 dB and γ 1 = 11 dB, respectively. The subcarrier pairs k = 11, 2 are selected from M and achieve 10 −2 outage probability at γ 1 = 13.2 dB and γ 1 = 15.2 dB, respectively. The subcarrier pairs k = 14, 15 are selected from P. The pair k = 14 achieve 10 −2 outage probability at γ 1 = 19 dB. Figures 6 and 7 lead to important conclusion, i.e., the BTB SCM scheme outperforms the WTB SCM scheme on the basis of outage probability performance for the best and moderated subcarrier pairs, e.g., k = 2, 4, 7, 9 in Figure 6 and k = 7, 5, 11, 2 in Figure 7 The theoretical results are obtained using (12) . Considering 1 bit/sec/Hz as the threshold, it can be observed that, for γ 1 = γ 2 , the pairs k = 1, 5 achieve the threshold at γ 1 = 1.5 dB and γ 1 = 6 dB, respectively. These subcarrier pairs are selected from B and contribute to higher capacity even in low SNR regime as compared to other pairs. The subcarrier pairs k = 8, 12 are selected from M. These achieve unity threshold at γ 1 = 8.3 dB and γ 1 = 12.8 dB, respectively. The subcarrier pairs k = 14, 15 are selected from P. These achieve the threshold at γ 1 = 16.5 dB and γ 1 = 20.1 dB, respectively. It can be observed that for any γ 1 , higher value of k corresponds to a lower outage capacity. It is according to the theory as the subcarrier pair with index k − 1 is better than the subcarrier pair k for BTB SCM. A similar trend can be observed for γ 1 = 2γ 2 . It is worth mentioning that, for any γ 1 , the outage capacity of any k is slightly lower for γ 1 = 2γ 2 than its value for γ 1 = γ 2 . This difference of capacities for any k decreases as k → 1 and increases as k → 16. Specifically, at SNR = 20 dB, the difference of capacities for γ 1 = γ 2 and γ 1 = 2γ 2 is much less for k = 1 as compared to k = 15. Figure 9 depicts theoretical and simulation results for 10% outage capacity of subcarrier pairs k = 1, 2, 4, 5, 10, 14 for the WTB SCM scheme. The theoretical results are obtained using (11) . It can be observed that unity threshold is achieved by k = 14, 10 at γ 1 = 8.5 dB. These are selected from B for γ 1 = γ 2 and contribute to higher outage capacity in medium and high SNR regimes as compared to other subcarrier pairs. The outage capacity of these pairs approaches 5 Bits/sec/Hz at γ 1 = 30 dB. For γ 1 = 2γ 2 , a slightly lower outage capacity can be observed for these pairs. The threshold is achieved at γ 1 = 2γ 2 = 10 dB by these pairs. Hence, 1.5 dB SNR degradation is observed in the case of unbalanced links. A similar effect can be observed for all subcarrier pairs, e.g., for k = 14, approximately 1 dB SNR degradation can be observed at 4.5 Bits/sec/Hz due to unbalanced links. From M, the selected pairs k = 5, 4 achieve threshold at 11 dB and 12 dB respectively for γ 1 = γ 2 . From P, the selected pairs k = 2, 1 achieve threshold at 15 dB and 19 dB, respectively for γ 1 = γ 2 . It is worth mentioning that, although for any k, the outage capacity in case of γ 1 = γ 2 is greater than γ 1 = 2γ 2 , yet unlike BTB SCM, this difference is more prominent in best subcarrier pairs than the poor ones, e.g., by observing the plots for γ 1 = γ 2 and γ 1 = 2γ 2 , it reveals that the difference almost vanishes for k = 1 while it is more obvious for k = 5 and k = 14.
Outage capacity
The comparison of total outage capacity for BTB SCM and WTB SCM schemes is presented in Figure 10 dual-hop OFDM relay system. It can be observed that BTB SCM outperforms WTB SCM on the basis of total outage capacity for the given range of SNR. It can be readily verified that at SNR = 0,4,8 dB, BTB SCM provide 206%, 155%, and 126% increase in outage capacity respectively as compared to WTB SCM. It shows that BTB SCM achieves significantly high outage capacity in lower and medium SNR regimes as compared to WTB SCM. For high SNR, i.e., SNR = 16,20 dB, the increase in outage capacity is 105% and 102%, respectively. It is, therefore, concluded that BTB SCM outperforms WTB SCM on the basis of total outage capacity in all SNR regimes.
Conclusions
The outage performance of the dual-hop OFDM fixed gain AF relay system is analyzed in Rayleigh fading with BTB SCM and WTB SCM. The analysis is done on the basis of outage probability and outage capacity performances. Accurate close-form expressions for the outage probability and outage capacity are derived. The analysis shows that ordered SCM schemes results in categorization of subcarrier-pairs into best, moderate, and poor subsets of pairs. The BTB SCM scheme outperforms the WTB SCM scheme on the basis of outage probability for best and moderate sets of subcarrier pairs. The outage performance of poor set of subcarrier pairs is comparable in both schemes and show lower outage only in the high SNR regime. On the basis of outage capacity performance comparison, it is concluded that the BTB SCM scheme outperforms the WTB SCM scheme for all range of SNR. Specifically, in low and medium SNR regimes, a significant gain in outage capacity can be achieved. Furthermore, it is shown that the percentage increase in outage capacity due to BTB SCM decreases as the SNR increases.
Appendix A

Proof of outage probability expressions
The expression for P k out in (5) can be rewritten as [29] 
which can be expressed as the sum of two integrals as
It should be noted that the term Pr γ k 1 (γ − γ th ) ≤ γ th in the first integral of (14) equals unity for 0 ≤ γ ≤ γ th , therefore (14) can be simplified as (15) can be rewritten as
The change of variable y = γ − γ th allow us to rewrite (16) after some simple algebraic steps as
where 
Similarly, using (4), the PDF f s
Using (20), the integral I 1 can be simplified to
Using (19) and (20) allows us to write I 2 in the form of two integrals I 3 and I 4 as
where I 3 = 
The integral I 4 can be solved using the identity ( [30] , eq. (3.471.9) as
where K 1 (x) is the modified Bessel function of second kind. The integral I 2 can be expressed with the help of (23) and (24) as
Substituting (21) and (25) into (18) allows us the write the close-form expression of outage probability for WTB SCM as (6) .
BTB SCM
For BTB SCM, (17) can be rewritten as
Using (4) 
Using (20) and (27) allows us to write I 5 in the form of integrals I 3 and I 4 as
The solutions for I 3 and I 4 from (23) and (24) respectively can be used to express I 5 as
Substituting (21) and (29) into (26) allows us to express the close-form expression of outage probability for BTB SCM as (7) . WTB SCM scheme. The close-form expression of end-toend SNR for the dual-hop OFDM relay system with WTB SCM can be derived as [9, 13] .
Appendix B
Proof of outage capacity expression for WTB SCM
where B id = 2α i α d λ 1 λ 2 , ξ(γ ) = 2β id √ γ , β id = √ ρ i ρ d and η id = 
which can be solved with the help of ( [30] , Equation (6.643.3)) as
Substituting (32) and (34) into (9) and (10) gives the first and second moments of ergodic capacity, i.e., E WTB C k and E WTB C k 2 respectively for WTB SCM. Substituting these into (8) gives the expression for outage capacity which can be expressed in compact form as (11) .
Appendix C
Proof of outage capacity expression for BTB SCM:
To derive the close-form expression for outage capacity the knowledge of first and second moments of end-to-end SNR, i.e, E BTB γ k end [γ] and E BTB γ k end γ 2 respectively is required for the BTB SCM scheme. The PDF of γ k end for the dualhop OFDM AF fixed gain relay system with BTB SCM can be derived as [9, 13] 
respectively. The integrals in (36) and (37) can be solved with the help of identity ( [30] , eq. (6.643.3)), which can be expressed as
respectively. Substituting (38) and (39) into (9) and (10) give the first and second moments of ergodic capacity, i.e., E BTB C k and E BTB C k 2 respectively for BTB SCM. Substituting these into (8) gives the expression for outage capacity which can be expressed in compact form as (12) . http://jwcn.eurasipjournals.com/content/2014/1/209
